Family 18 chitinases have the signature peptide DGXDXDXE forming the fourth -strand in the ð=Þ 8 -barrel of their catalytic domain. The carboxylend glutamic acid, E315 in Serratia marcescens chitinase A, serves as the acid/base during chitin hydrolysis, and the side-chain of the preceding aspartic acid, D313, helps to position correctly the N-acetyl moiety of the glycosyl sugar undergoing hydrolysis. Chitin substrates are bound within a long cleft across the top of the barrel, whose floor consists of aromatic residues that hydrophobically stack with every other GlcNAc. Alanine substitution of the conserved Trp167 at the À3 subsite in Serratia marcescens chitinase A enhanced transglycosylation. Higher oligosaccharides were formed from both chitin tetra-and pentasaccharide, and the only hydrolytic product from chitin trisaccharide was the disaccharide. Greater retention of the glycosyl fragment at the active site of the À3 mutant of Serratia marcescens chitinase A might favor transglycosylation due to a stabilized conformation of its D313.
Family 18 chitinases have the signature peptide DGXDXDXE forming the fourth -strand in the ð=Þ 8 -barrel of their catalytic domain. The carboxylend glutamic acid, E315 in Serratia marcescens chitinase A, serves as the acid/base during chitin hydrolysis, and the side-chain of the preceding aspartic acid, D313, helps to position correctly the N-acetyl moiety of the glycosyl sugar undergoing hydrolysis. Chitin substrates are bound within a long cleft across the top of the barrel, whose floor consists of aromatic residues that hydrophobically stack with every other GlcNAc. Alanine substitution of the conserved Trp167 at the À3 subsite in Serratia marcescens chitinase A enhanced transglycosylation. Higher oligosaccharides were formed from both chitin tetra-and pentasaccharide, and the only hydrolytic product from chitin trisaccharide was the disaccharide. Greater retention of the glycosyl fragment at the active site of the À3 mutant of Serratia marcescens chitinase A might favor transglycosylation due to a stabilized conformation of its D313.
Key words: chitin; chitinase; family 18 glycosidase; transglycosylation Chitin hydrolysis is performed by chitinases (EC 3.2.1.14) found in glycosidase families 18 and 19 which occur among over 90 evolutionary groups of glycosyl hydrolases. 1) Family 18 chitinases have a ð=Þ 8 -barrel for their catalytic domain and often contain one to several chitin-binding domains.
2) The latter are important mostly for hydrolysis of natural chitin fibers, but not chitin fragments. [3] [4] [5] [6] Since each adjacent GlcNAc in a chitin molecule is turned 180 relative to its neighbor, the hydrophobic face of each pyranose (axial hydrogens at C1, C3, and C5) alternates along the chain. The family 18 chitinases have complemented this repeat structure of the polymeric sugar substrate into the molecular design of their chitin binding surface. They incorporate a long substrate cleft across the barrel top, the floor of every other subsite being an aromatic amino acid that can stack with the hydrophobic face of every other GlcNAc in the chitin chain. [2] [3] [4] [5] [6] For example, residues W539, W167, Y170, W232, and W245 in Serratia marcescens chitinase A (SmChiA) interact thusly with the substrate at the À1, À3, À5, À7, and À9 positions along the floor of the glycosyl region of the binding cleft.
3) The N-terminal chitin-binding domain has two additional properly aligned tryptophans, W69 and W33, that extend the pattern as the À11 and À13 subsites. This same protein structure for substrate binding is seen in chitinase A1 from Bacillus circulans 6) and in chitinase 1XiC from Coccidioides immitis. 7) These family 18 enzymes remove the reducing end disaccharide located in the +1 and +2 sites as virtually the exclusive product from the substrate. In the case of natural fibers of -chitin in which the chains are parallel, the enzyme again acts from the reducing end and appears to move processively two GlcNAc units at a time in the direction of the nonreducing end. As noted by electronmicroscopy 3, 4, 8, 9) this mechanism explains how family 18 chitinases sharpen the reducing end of a -chitin fiber.
In this study we investigated the product specifity of a mutated family 18 Serratia marcescens chitinase A in which Trp167 at the À3 subsite of the substrate bindingcleft was substituted by an alanine. Considering the distant location of this aromatic residue from the active site, it was surprising that transglycosylation readily occurred when this mutant chitinase A hydrolyzed oligosaccharide substrates as well as p-nitrophenyl-di-N-acetyl--D-chitobiose co-incubated with chitotetraose. A possible mechanism by which the W167A mutant chitinase favors the transglycosylation reaction is discussed.
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Materials and Methods
Cloning and site-directed mutagenesis of recombinant Serratia marcescens chitinase A. PCR amplification of a wild-type chitinase A cDNA was done on genomic DNA isolated from Serratia marcescens QMB1466 (ATCC 990). 10) This cDNA was transferred into the NdeI cloning site in the expression vector pET23a(+) (Novagen, Madison, WI), which was used as a template for PCR mutagenesis. The W167A mutation was generated using an overlap extension protocol.
11) The mutagenic primers used in this method were TTTCGTCGAGGCC-GGCGTTTACGG (W167A mutation underlined) and its complement. The mutation was verified by doublestranded sequencing at the Iowa State University DNA sequencing facility and by mass spectrometry of the purified protein.
Protein expression and isolation. Both the wild type and the W167A mutant chitinase cDNA from Serratia marcescens encoded in-frame C-terminal (His)6 tags in the expression vector pET23a(+) (Novagen, Madison, WI) that was used to transform the E. coli expression strain BL-21 (DE3) (Novagen) in liquid culture. After calcium chloride transfection, the E. coli was grown to exponential growth phase in LB medium (700 ml) with ampicillin (100 mg/ml) at 37 C with shaking at 200 rpm. Protein expression, extraction, and affinity purification on an Ni 2þ column were done as previously described.
10)
The chitinase preparations were kept at 4 C after ultrafiltration exchange of the buffer (Centriprep-10, Millipore, Bedford, MA) to 20 mM Tris, pH 8.0, 150 mM NaCl, followed by sterile filtration. Protein concentration was determined using the Coomassie Plus Protein Assay Reagent Kit (Pierce, Rockford, IL). Purity was determined by SDS-PAGE, which showed the proteins to be a single band of the expected 58 kDa molecular weight. The yield of expressed enzyme was 5-10 mg/l of cultured E. coli.
Hydrolysis reaction conditions. Chitin oligosaccharides (di-to hexasaccharide) and p-nitrophenyl-di-, tri-, and tetra-N-acetyl--D-chitobiose, chitotriose, and chitotetraose were purchased from Associates of Cape Cod (Seikagaku America, Falmouth, MA). GlcNAc was obtained from Sigma (St. Louis, Mo). Reactions were done in a volume of 20 ml that contained 0.25 mM chitin oligosaccharide with 0.2 mg of native chitinase A. The reactions were done for 5-15 min at ice temperature to minimize anomerization equilibrium of the initial products. 10, 12) About a 5-fold greater amount of the W167A mutant chitinase (SmChiA W167A ) was added to produce a hydrolysis rate near that performed by native enzyme (SmChiA WT ). The hydrolysis of p-nitrophenyl glycosides of (GlcNAc)2-4 was assayed at 0 C in 0.5 ml reactions that contained 1 mM substrate, McIlvain's buffer, pH 7.4, and 5 mg native enzyme. The nitrophenylate anion product was measured by its absorbance at 400 nm.
HPLC analysis of reactions. For chitooligosaccharides as substrates and products, both their size and anomer were analyzed by HPLC using a Toso-Haas Amide-80 column (0.46 ID Â 25 cm; 5 mm particle size) with an Amide-80 guard-column (0.46 ID Â 1 cm). 10, 13) A 5 ml sample was separated on the column using a Waters/Millipore HPLC system to elute chitin fragments isocratically at 1 ml/min with 70% (V/V) acetonitrile at room temperature (22 C) . Chitooligosaccharides in the eluate were measured by their UV absorbance at 210 nm and quantified with a Waters 740 data module based on peak areas of substrate standards.
Thin layer chromatographic analysis of reactions. The separation of reaction products from p-nitrophenylglycosides of chitooligosaccharides was performed by thin layer chromotography (TLC), as reported by Tanaka et al. 14) Samples of reactions were spotted on 20 Â 20 cm plates of Silica Gel 60, 0.25 mm layer (Aldrich Chemical, St. Louis, MO) that were chromatographed with 1-butanol/methanol/29.3% ammonium hydroxide/water (50:40:17:13 by volume). Products were detected by spraying with aniline/diphenylamine solution (1 ml aniline, 1 g diphenylamine, 50 ml acetone, and 7.5 ml 85% phosphoric acid). After baking for 3 min at 180 C, the plates were viewed and recorded by fluorometry with a FujiFilm Luminescent Image Analyzer LAS-1000.
Results
Transglycosylation by SmChiA W167A with chitooligosaccharides When the mutant chitinase SmChiA W167A reacted with (GlcNAc)4 ( Fig. 1A ) or (GlcNAc)5 (Fig. 1B) , significant amounts of higher oligomers formed as compared to the reaction by native SmChiA WT , indicating that transglycosylation occurred. This process has not been observed previously with either the +1 subsite mutant SmChiA W275A or the +2 subsite mutant SmChiA F396A .
The new À3 subsite mutant enzyme formed penta-and hexasaccharide from the tetrasaccharide, and formed hexa-and heptasaccharide from the pentasaccharide ( Fig. 1A and B). Although chitohexaose as the initial substrate did not yield higher oligomers, some pentasaccharide was formed, but without any monosaccharide (Fig. 1C) . The pentasaccharide was not produced from (GlcNAc)6 by the wild-type chitinase. A recent study of the related family 18 chitinase from Bacillis circulans in which an equivalent À3 positioned Trp was mutated to Ala found a decrease in hydrolysis of crystalline -chitin but no change in hydrolysis of (GlcNAc)6. 6) Ala substitution of the conserved À5 subsite Trp of Bacillis circulans chitinase showed the same reaction changes with these two kinds of substrates. We found that mutation of the À5 subsite of Serratia marcescens chitinase A (Y170A) also did not show any transglycosylation with pentasaccharide as the substrate (data not shown). Only the W167A substitution at the À3 subsite resulted in enhanced transglycosylation with oligosaccharide substrates.
To study this different catalytic behavior of SmChiA W167A further, its reaction with chitin trisaccharide was tested in comparison to products formed by SmChiA WT (Fig. 2) . The trisaccharide is the smallestsized and least reactive substrate for Serratia marcescens chitinase A. 10) SmChiA WT formed approximately equal amounts of expected mono-and disaccharide in the partial reaction shown in Fig. 2 , while SmChiA W167A formed only the disaccharide. These results are easily explained by the occurrence of transglycosylation (Fig. 3) . With this mutant form of SmChiA, a positively charged, monomeric N-acetylglucosaminyl intermediate in the À1 subsite would form a tetrasaccharide by reacting with the O4 of a non-reducing-end GlcNAc residue from another molecule of trisaccharide, rather than with water. In the active site, this tetrasaccharide would then bind from À2 to +2 and become rapidly hydrolyzed to two molecules of disaccharide. Fukamizo et al. 15) calculated for a homologous family 18 chitinase from Coccidioides immitis that binding at À2 is favored by about À3:8 kcal/mole, which would promote the shift of the newly formed (GlcNAc)4 across À2 to +2 subsites.
To test the transglycosylation hypothesis for the trisaccharide substrate further, kinetics were measured 10,13) (GlcNAc)1-7 elute in sequence from left to right, between 5 and 17 min; and GlcNAc (not present) elutes at arrows. The -anomer of each chitooligosaccharide elutes immediately before the -anomer. 10, 13) for formation of the expected products GlcNAc and (GlcNAc)2 by the wild-type and the À3 subsite mutant enzymes (Fig. 4) . The W167A mutant caused (GlcNAc)3 to disappear more slowly at 37 C than the native chitinase, but the rates of their formation of (GlcNAc)2 were almost equivalent. In sharp contrast, the 80-min reaction of the mutant SmChiA W167A yielded only a small amount of monosaccharide, while SmChiA WT formed somewhat less GlcNAc than (GlcNAc)2. From these data, it can be estimated that there was 45% transglycosylation performed by SmChiA W167A with (GlcNAc)3 as a substrate, while the small difference in yield between GlcNAc and (GlcNAc)2 during the SmChiA WT reaction indicated that Reactions were at ice temperature for 24 h in 40 ml water containing 0.5 mM (GlcNAc)3 with: Left panel, 0.02 mg/ml SmChiA WT ; or Right panel, 0.05 mg/ml SmChiA W167A . HPLC conditions are described in ''Materials and Methods''. The elution times for products are the same as in legend to Fig. 1 . The location of the (GlcNAc)3 substrate is indicated and GlcNAc elution is at arrows. only 8% transglycosylation occurred with the native enzyme * .
Hydrolysis of p-nitrophenyl-glycosides of chitin oligomers
Numerous studies have examined p-nitrophenyl-glycosides as substrates for family 18 chitinases, since the released nitrophenylate anion is easily measured colorimetrically. This product, however, arises only when the p-nitrophenol moiety is bound as the aglycon, i.e., as a ''pseudosugar'' in the +1 subsite of the binding cleft. For other orientations of these glycosides in the substratebinding cleft, smaller p-nitrophenyl-glycosides are formed as the aglycon fragment of the glycosyl hydrolase reaction, and no yellow anion is produced. The variations in the products made from three p-nitrophenyl-glycosides by the two chitinases (Fig. 5) were the following: pNp-(GlcNAc)2 was not a substrate for SmiChiA W167A (Fig. 5D ), but was cleaved to (GlcNAc)2 and nitrophenol by SmChiA WT (Fig. 5A) ; pNp-(GlcNAc)3 yielded mostly pNp-(GlcNAc)2 when reacted with SmChiA W167 (Fig. 5E ). Barely visible on the TLC plate was some pNp-GlcNAc, which was a major product formed by SmChiA WT (Fig. 5B ). Both enzymes formed more (GlcNAc)2 than (GlcNAc)3. The largest substrate tested, pNp-(GlcNAc)4, yielded mostly pNp-(GlcNAc)2 for both enzymes (Fig. 5C and F) . SmChiA W167A also produced a small amount of pNp-(GlcNAc)3. (GlcNAc)2 was again a major oligosaccharide product made from the pseudopentasaccharide by both enzymes. SmChiA W167A , but not SmChiA WT , yielded (GlcNAc)3. The relative hydrolysis rates of the three glycosides differed for the two enzymes: SmChiA WT (Fig. 5A -C) hydrolyzed these substrates in the order pNp-(GlcNAc)3 > pNp-(GlcNAc)2 > pNp-(GlcNAc)4, while SmChiA W167A (Fig. 5D-F) hydrolyzed pNp-(GlcNAc)4 > pNp-(GlcNAc)3, without hydrolyzing pNp-(GlcNAc)2. When (GlcNAc)4 was added together with the latter inactive pNp-(GlcNAc)2, SmChiA W167A was capable of producing nitrophenol (Fig. 6 ). Its major products (Fig. 7B) became (GlcNAc)2-3 and some pNp-(GlcNAc)4, which formed earliest, followed by some pNp-(GlcNAc)3. Indeed, at 30 min, the co-reaction of (GlcNAc)4 and pNp-(GlcNAc)2 with SmChiA W167A looked similar to its reaction with pNp-(GlcNAc)4 alone (Fig. 5F, 45 min) . This result for the co-substrate reaction is explained by the proposed transglycosylation pathway to form pNp-(GlcNAc)4 (Fig. 8, step 3 ) followed by shifts of this intermediate in the substrate cleft (Fig. 8, step 4 , double arrow) to yield the observed set of hydrolysis products ( Fig. 5F and 7B ). In contrast, SmChiA WT in the same mixed substrate reaction cleaved both (GlcNAc)4 and pNp-(GlcNAc)2 with the expected products (Fig. 7A ). Exceptions were a decrease in p-nitrophenol release (Fig. 6 ) and formation of some pNp-(GlcNAc)4 barely visible on the TLC plate (Fig. 7A) .
Discussion
Transglycosylation by SmChiA Hydrolysis:
Y ¼ ½N3 ðt¼0Þ À N3 ðtÞ À N1 ðtÞ =2 and substituting Y value in (b):
substrate (see Fig. 3 ). From these studies of Serratia marcescens chitinase A with chitotriose as a substrate, transglycosylation accounted for approximately 8% of the reaction of native enzyme based on the somewhat lower amount of GlcNAc than (GlcNAc)2 that it formed (Fig. 4) . Mutation of Trp167 to alanine at the À3 subsite dramatically increased transglycosylation to 45% of the reacted trisaccharide (Fig. 4) . Our recent determination of a crystal structure of the SmChiA W167A mutant enzyme (PDB code 1RD6) revealed only a significant change in orientation of its active-site residue Asp313. Current proposals for the family 18 chitinase reaction mechanism implicate an important role for this conserved aspartic acid. [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] D313 is thought to be ionized at reaction pHs, and its negative charge, by forming an ion-pair, would thereby stabilize the positively charged oxazolinium intermediate of the glycosyl component of the substrate. D313 also helps orient the N-acetyl oxygen of the À1 GlcNAc below its own C1 (Fig. 9B) to aid in the formation of the oxazolinium intermediate (Fig. 9C) . Another possible role of this aspartic acid is to enhance the acidity of protonated E315. 25) A crystal structure of wild-type SmChiA (PDB code 1EDQ) shows D313 to be distributed equally between two orientations, towards E315 (Fig. 9B) or towards D311 (Fig. 9A) , Reactions in 0.5 ml McIlvain's buffer, pH 7.4, were catalyzed by 0.01 mg/ml SmChiA W167A ( ), or 0.002 mg/ml SmChiA WT ( ). The substrates were 1 mM pNp-(GlcNAc)2 by itself, solid lines; or with added 1 mM (GlcNAc)4, dashed lines. Release of p-nitrophenol was measured by its absorbance at 400 nm. 
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Standards Fig. 7 . Products Formed by SmChiA WT and SmChiA W167A from pNp-(GlcNAc)2 in the Presence of (GlcNAc)4. TLC conditions were as described in ''Materials and Methods''. Reactions in McIlvain's buffer, pH 7.4, with co-substrates 1 mM pNp-(GlcNAc)2 and 1 mM (GlcNAc)4, were catalyzed by 0.05 mg/ ml enzyme: (A), native SmChiA WT ; (B), mutant SmChiA W167A . At the indicated times, 5 ml samples of the reactions were spotted for chromatography. The products from a 30 min enzyme reaction with pNp-(GlcNAc)2 alone (''-N4'') are separated in the left lanes of (A) and (B). Standards of possible products, 5 nmoles each, are separated in the left-most panel.
, , Fig. 8 . Schematic Depiction of SmChiA W167 Transglycosylation Using pNp-(GlcNAc)2 and (GlcNAc)4 as co-Substrates. A molecule of the active tetrasaccharide substrate binds productively À2 to +2 and is hydrolyzed. The aglycon disaccharide fragment departs from +1 +2 leaving a positive-charged glycosyl fragment in À2 À1 (step 1). This glycosyl intermediate either reacts normally with an incoming water to complete the hydrolysis (step 2), or transglycosylates by reacting with the O4 moiety of the non-reducing end GlcNAc of a molecule of the co-substrate, pNp-(GlcNAc)2, to form pNp-(GlcNAc)4 (step 3). This pseudopentasaccharide reacts further (step 4) to form the depicted products, which were observed experimentally (Fig. 5F ).
which allow it these possible roles in overall catalysis. 24) Only the orientation of D313 towards E315, however, was present in the crystal structure of SmChiA W167A (PDB code 1RD6). Possible changes in catalysis by SmChiA W167A are: (i) D313 might more strongly stabilize the positively charged oxazolinium intermediate in the active site of SmChiA W167A once it is formed; (ii) decreased binding affinity at the À3 site could increase the frequency of the non-reducing end of an acceptor substrate molecule binding at the +1 and +2 sites. This possibility has been proposed by Fukamizo et al. 28) to explain the enhanced transglycosylation catalyzed by hen egg white lysozyme having a double mutation at its A site (equivalent to the À4 site of SmChiA) and using (GlcNAc)5 as a substrate; and (iii) the orientation of D313 towards E315 might disfavor a water molecule from entering the active site once the aglycon disaccharide has left the +1 +2 sites.
The putative initial transglycosylation product (GlcNAc)4 (Fig. 3) did not appear experimentally during the reaction (Fig. 2) , and therefore this intermediate must be hydrolyzed rapidly to the final product (GlcNAc)2 (Figs. 2 and 3 ). This probably occurs because a very weak trisaccharide substrate is transformed by transglycosylation into a very reactive tetrasaccharide, which has high affinity for binding productively from À2 to +2. 15) During hydrolysis of (GlcNAc)4 by SmChiA W167A , the intermediate positive glycosyl fragment (GlcNAc)2 + that is formed might also be retained long enough to serve as a donor during transglycosylation. This reaction behavior is apparently promoted when (GlcNAc)4 is incubated with an inactive pseudotrisaccharide acceptor pNp-(GlcNAc)2. In this co-substrate reaction, the pseudopentasaccharide pNp-(GlcNAc)4 was formed (Figs. 7B and 8 ). Again native SmChiA performed transglycosylation only slightly between these two co-substrates (Fig. 7A) .
Transglycosylation by other family 18 chitinases Family 18 chitinases have proven difficult to characterize kinetically because they exhibit considerable substrate inhibition. 29) Such inhibition was explained in a recent study of family 18 human chitotriosidase as due to significant transglycosylation occurring along with its hydrolysis reaction. 30) Using chitopentaose as substrate, human chitotriosidase yielded both hexa-and heptasaccharide products in addition to tetra-, tri-, and disaccharide, but no GlcNAc. Our study found that mutant SmChiA W167A , but not wild-type enzyme, caused an almost identical pattern of products from (GlcNAc)5 (Fig. 1B) . Human chitotriosidase also was shown to transglycosylate using two different kinds of artificial chitin glycosides. Thus, 4-methylumbelliferyl (4-MU)-N-acetyl--D-glucosamine is not hydrolyzed by this family 18 glycosidase (release of 4-MU) unless either pNp-(GlcNAc)2 or (GlcNAc)5 is also present. In each case, the intermediate glycosyl fragments of these two co-substrates were donors to the inactive GlcNAc-4-MU acceptor in the transglycosylation step. The longer 4-MU-glycosides which were formed then became active substrates capable of being bound productively with their 4-MU in the +1 position.
Possible role of D313 in transglycosylation
It is not evident why Asp313 becomes positioned towards Glu315 when the conserved floor aromatic residue Trp167 of the À3 subsite is replaced by an alanine, even when the glycosyl component of the chitin-binding cleft is unoccupied. Catalysis by this mutant, however, changes significantly towards much higher levels of transglycosylation. This reaction behavior is completely different from that caused by similar Ala replacement of Trp275 or Phe396, 10) which are respectively the principal aromatic residues binding a sugar aglycon in the +1 and +2 sites. In these latter two mutant chitinases, the chitin oligosaccharide substrates shift towards the non-reducing end (i.e., glycosyl) region of the binding cleft, which changes the product pattern, but without enhanced transglycosylation.
Another question that remains to be answered is why the proclivity of D313 to be oriented towards E315 in the W167A mutant favors transglycosylation. In the reaction mechanism of an analogous family 18 chitinase, Serratia marcescens chitinase B, Synstad et al. 25) and Vaaje-Kolstad et al. 26) have predicted that its D142 (equivalent to SmChiA D313) returns its side-chain towards D140 (equivalent to D311) during release of the glycosyl fragment. This conformational behavior during hydrolysis (Fig. 9) has also been predicted for SmChiA WT by Papanikolau et al. 24) The final step prepares the enzyme active site for initiation of the next round of hydrolysis. During productive binding of a new molecule of oligosaccharide or movement of the enzyme by two GlcNAc units at the reducing end of a -chitin fiber (Fig. 9D-9A ), the D313 side-chain would move back towards E315 to orient the À1 GlcNAc residue for substrate-assisted hydrolysis in the active site (Fig. 9A-9B ). The step near the end of hydrolysis by SmChiA W167A that likely changes is the effect D313 might have on release of the glycosyl fragment when its side-chain carboxyl group moves away from E315 towards D311 (Fig. 9C-9A ). When the hydrolytic reaction in the À3 mutant is ending, the apparent decreased flexibility of its D313 would restrict this putative conformational change. A less flexible D313 side chain of SmChiA W167A might extend the binding of the positive-charged glycosyl intermediate at the À1 subsite and thereby favor transglycosylation. It is noteworthy that the equivalent À3 site mutant (W53A) in Bacillus circulans chitinase A lost more than 95% of its activity specifically against -chitin microfibrils as the substrate.
6) A move of Bacillus circulans D202 (equivalent to Serratia marcescens D313) towards D200 (equivalent to D311) after hydrolysis might also be deficient in this analogous À3 mutant. If so, we predict that there would be poor shifting of the chitin chain with its newly formed reducing-end disaccharide unit at À2 À1 into the +1 +2 subsites to allow the next hydrolytic step. Study of other mutant forms of SmChiA might provide a better general understanding of the transglycosylation reaction with a view to controlling this alternative catalytic behavior of glycosyl hydrolases for useful synthetic purpose. 30) 
